Recently, hybrid perovskites have attracted great attention because of their promising applications in solar cells. However, perovskite solar devices reported till now are mostly based on transparent conducting oxide (TCO) substrates which account for a large proportion in the total cost. Herein, TCO-free perovskite solar cells are fabricated. A photo-electricity conversion efficiency of 5.27% is obtained with short circuit current density (J sc ) of 10. Perovskite materials have many excellent optical and electrical characteristics for solar cell applications. They have appropriate direct band gaps which can be tuned to match the solar spectrum.
Perovskite materials have many excellent optical and electrical characteristics for solar cell applications. They have appropriate direct band gaps which can be tuned to match the solar spectrum. [1] [2] [3] [4] [5] Their absorption coefficients are also high which can reach 1.5 Â 10 4 cm À1 at 550 nm. 6 The electron/ hole diffusion length is longer than 1 lm in polycrystalline CH 3 NH 3 PbI 3 and CH 3 NH 3 PbI 3Àx Cl x and longer than 175 lm in CH 3 NH 3 PbI 3 single crystal. [7] [8] [9] Organometallic halide perovskite solar cells have therefore been developed very rapidly in the past 3 years. An efficiency of 20.1% has been achieved, 10 since perovskite materials were first introduced in solar cells.
The device structures of perovskite solar cells are mainly based on dye sensitized solar cells (DSSCs) or thin film solar cells so far. The first perovskite solar cells were fabricated using the configuration of DSSCs with an efficiency of 3.8% in 2009. 11 The first solid state perovskite sensitized solar cells obtained an efficiency of 9.7% in 2012. 12 The invention of sequential deposition method of preparing perovskites further improved the efficiency to more than 15%. 13, 14 Perovskite materials were also introduced in thin film structure solar cells. An efficiency of 10.9% was achieved, where the perovskite was used as absorption layer and transport layer as well 15 and the efficiency was improved to 15.4% with high quality perovskite film prepared by vapor deposition method. 16 And the efficiency was further pushed up to 19.3% by interface engineering of device structure. 17 In order to control the cost of perovskite solar cells, various hole transport materials (HTMs) were introduced in perovskite solar cells. [18] [19] [20] [21] [22] What's more, perovskite photovoltaic devices without HTM can also reach a high efficiency. [23] [24] [25] [26] [27] In general, the unusual boosting of perovskite solar cells opens a new era for low-cost, high-efficiency solar cells. 28 However, most of the perovskite solar cell devices reported are based on expensive transparent conductive oxide (TCO) substrates, 29 which is an obstacle for low cost. It accounts for approximately 60% of the total cost of DSSCs. 30 A rough calculation is made to estimate the cost of each part of perovskite solar cells. As seen from Table S1 and Fig. S1 , the cost of TCO also takes a large proportion in the total cost of perovskite devices. 36 In this paper, TCO-free backside illuminated perovskite solar cells are fabricated with a titanium sheet as the substrate and a discontinuous gold film as the counter electrode. Although many parameters have not been optimized, a photo-electricity conversion efficiency of 5.27% is obtained with J sc of 10.7 mA/cm 2 , V oc of 0.837 V, and fill factor (FF) of 0.588. This study explores a feasible way of replacing the expensive TCO substrate by low cost substrates. The results indicate that backside illuminated perovskite solar cells are promising candidate in low cost solar energy conversion applications.
The backside illuminated perovskite device structure is illustrated in Fig. 1(a) . Titanium sheet is the substrate and is covered by an anodizing TiO 2 nanotube array layer. Organic-inorganic perovskite CH 3 NH 3 PbI 3 is then deposited into the nanotube arrays and an organic hole conductor material is spread on it. Finally, a discontinuous gold electrode is chosen to be the top contact electrode, which ensures both the charge carrier collection and incident light transmission. The corresponding schematic energy level diagram is illustrated in Fig. 1(b) . TiO 2 nanotube arrays were prepared by anodic oxidation in a mixed electrolyte containing deionized water and glycerol (volume ratio 50:50%) and 0.175 M NH 4 F at 20 V for 0.5 h. 31 Then the samples were carried to an annealing furnace at 450 C for 1 h. CH 3 NH 3 PbI 3 was deposited into the nanotube arrays by a sequential deposition approach as described before. 32 508 mg PbI 2 (99%) was added in 1 ml DMF at 70 C. Then the PbI 2 solution was spin-coated on TiO 2 nanotubes at 2000 rpm for 15 s. After that TiO 2 nanotubes with PbI 2 were taken into 10 mg/ml CH 3 NH 3 I solution for several minutes and dried in air flow for several minutes. After CH 3 NH 3 PbI 3 deposition, spiro-OMeTAD based hole transfer layer was deposited by spin coating at 4000 rpm for 30 s. (80 mg spiro-OMeTAD, 28.5 ll 4-tertbutylpyridine, and 17.5 ll lithium-bis (trifluoromethanesulfonyl) imide (Li-TFSI) solution (520 mg Li-TFSI in 1 ml acetonitrile) all dissolved in 1 ml chlorobenzene) Finally, gold electrodes were prepared by physical vapor deposition (PVD) at 30 W for 30 s, 60 s, 90 s, and 120 s, respectively.
The morphologies of TiO 2 nanotube arrays before and after deposition with CH 3 NH 3 PbI 3 are characterized by scanning electron microscopy (SEM), as shown in Fig. 2 . Fig. 2(a) is the top view SEM image of TiO 2 nanotube arrays with an average inner diameter about 70 nm. The inset low magnification image indicates a smooth surface film is obtained, which is beneficial to the deposition process. Fig. 2(b) shows a typical cross section image of the nanotube film, displaying well-controlled nanotube array structure with the thickness of around 500 nm. After deposition, submicrometer particles are fabricated on the top of nanotube arrays, as shown in Fig. 2(c) . Fig. 2(d) is a typical crosssectional SEM image, revealing that perovskite materials are also deposited into TiO 2 nanotube arrays. The thickness of the film after deposition is about 620 nm.
The composition and crystalline structure of TiO 2 nanotube film before and after CH 3 NH 3 PbI 3 deposition are investigated by X-ray diffraction (XRD) analysis. The corresponding XRD patterns are shown in Fig. 3 33 have appeared. It can be seen from the curve (c) that the (001) peaks of PbI 2 still exist in perovskite phase, indicating the conversation to perovskite is not complete. This phenomenon is similar with the reference reported before. 34 Here, it might be resulted from the perovskite particles formed on the surface of nanotube, which hinder the CH 3 NH 3 I getting into the bottom of nanotube to react with PbI 2 .
After the deposition of CH 3 NH 3 PbI 3 , a discontinuous gold film is chosen to be the counter electrode which will ensure both the incident light transmission and charge carrier collection. It was deposited on the hole conductor layer by PVD method. Typical SEM images of gold electrodes with different deposition time are shown in Fig. S2 . 36 Fig . S2 (a) is a SEM image after 30 s deposition, indicating that small gold nanoparticles with an average diameter of 10 nm were formed at the preliminary stage of PVD. As the deposition time increases, the gold particles are growing larger and the distances among them are becoming smaller. The particles grew from about 10 nm to 40 nm, then to 60 nm and 100 nm with the deposition time increasing from 30 s to 60 s, then to 90 s and 120 s, which is exhibited in Figs. S2(a)-S2(d) , respectively. Larger gold particles and smaller spacing distances among them will result in less transparency of the incident light, While smaller gold particles and larger distances among them will result in larger series resistance because of the poor conductivity of the Spiro-OMeTAD layer ($10 À5 S cm
À1
). Therefore, the sizes of the gold particles and distances among them should be carefully controlled and the PVD deposition time should be optimized to balance the conductivity and transmittance of incident light.
In order to gain a deeper understanding of the effect of gold electrodes with different deposition time on the transmittance of incident light, Spiro-OMeTAD layers and gold electrodes were deposited on glass substrate and UVVis transmittance spectra measurements were carried out, as shown in Fig. 4 . It can be seen from the black line in Fig. 4 that Spiro-OMeTAD has an absorption edge at the wavelength of about 420 nm, above which the transmittance is higher than 90%. The transmittance decreases distinctly after the deposition of gold electrode and keeps falling down with the increasing gold deposition time.
The as-prepared backside illuminated perovskite solar cell devices with different deposition time gold electrodes were investigated by volt-ampere characteristics under illumination. The corresponding photocurrent-voltage curves and the external quantum efficiency curve are recorded in Fig. 5 . The parameters of the photovoltaics with different gold electrodes are listed in Table I . The best performance with an efficiency of 5.27% is achieved by the 60 s gold electrode device, with J sc of 10.7 mA/cm 2 , V oc of 0.837 V, and FF of 0.588. The average photo-electricity conversion efficiency value is 4.71% based on the data of ten photovoltaic devices shown in Table S2 , indicating the good reproducibility of the performances. 35 As shown in Table I , the performance increases in a large scale with gold deposition time increasing from 30 s to 60 s, while when gold deposition time increased to longer than 90 s, the corresponding device performance dropped gradually. The transmittance (as shown in Fig. 4 ) and square resistance (as shown in Table  S3 ) of the Au film on Spiro-OMeTAD with different deposition time are critical to the device performance. 35 When the deposition time of Au film is less than 30 s, the square resistance of Au electrode is larger than a thousand ohm per square (Table S3) , resulting a poor performance. After the deposition time increased to longer than 60 s, the square resistance of Au film become small (less than 40 X/sq), the device performance dropped mainly due to the decreasing transmittance of Au film on Spiro- OMeTAD Fig. 4) . The results verify that the sizes of the gold particles and distances among them play an important role in the device performance.
A theoretical calculation is made to study the effect of gold electrodes on J sc in backside illuminated solar cells. Supposing the series resistance is negligible, the short circuit density can be simply described as follows:
where q ¼ 1.6 Â 10 À19 C is the elemental charge, EQEðEÞ is the external quantum efficiency, and b s ðE; T s Þ is the normal spectral photon flux density from sun to earth, which is relative to solar temperature (T s )
where IQEðEÞ is the inner quantum efficiency and AbsðEÞ is the absorption of perovskite materials. Supposing IQEðEÞ is one hundred percent and the transmitted light through Au film on Spiro-OMeTAD are all absorbed by perovskite materials, then EQEðEÞ equals to the transmittance of Au film on Spiro-OMeTAD. The theoretical maximum Jsc of the perovskite solar cells with different gold electrodes can be calculated by using the transmittance data in Fig. 4 15 mA/cm 2 for devices with 30 s, 60 s, 90 s, and 120 s gold electrode, respectively. All of the short circuit current densities obtained by the as-prepared devices are far less than the corresponding theoretical maximum current density, which could be improved by further optimization of the device parameters.
The stability of the photovoltaic devices was measured when the devices were stored in atmospheric environment, and the corresponding results were showed in Fig. S3 . The J sc dropped gradually, leading to the PCE of the device decreasing from the initial 4.31% to 1.88% after 60 h. The V oc and the FF kept stable. As the gold film of the device was discontinuous, it cannot protect the perovskite materials from the water in air, CH 3 NH 3 PbI 3 might decompose into CH 3 NH 3 I solution and PbI 2 , resulting in a rapid decrease of J sc . We also noticed that the V oc and the FF kept stable. According to a recent study that Schottky defects such as PbI 2 and CH 3 NH 3 I vacancies, did not make up a trap state and reduce carrier life, 35 thus the V oc and FF might keep constant with little CH 3 NH 3 PbI 3 decomposition. It is supposed that encapsulation of the device can help to improve the stability.
In conclusion, TCO-free backside illuminated hybrid perovskite solar cells were constructed using titanium sheet as the substrate and a discontinuous gold film as the top electrode. The sizes of the gold particles and distances among them were optimized by PVD deposition time to balance the conductivity and transmittance of incident light. Although many other parameters have not been optimized, a photoelectricity conversion efficiency of the as-prepared device reaches 5.27% with the J sc of 10.7 mA/cm 
